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Introduction
Emission spectroscopy and microscopy such as those of fluorescence based methods are widely applied in sensing/ analysis and in materials characterization. Increasing the emission signal intensity is attractive for many applications as it can lead to increased analytical sensitivity. One approach used to enhance emission signal strength is to use plasmon active substrates. Metal enhanced fluorescence or, more generally, luminescence potentially enhances the emission from the target system (surface enhanced luminescence (SEL)), via a mechanism similar to that for surface enhanced Raman (SERS) [1, 2] . Enhancing luminescence signal is a more complicated proposition however, as metal surfaces can quench as well as enhance luminescence. A wellstudied approach to generate SEL and SERS is to use spherical metallic nanoparticles or roughened metallic surfaces to generate a plasmon active substrate [3, 4, 5] . These materials are predicted to enable signal enhancement up to 10 5 for SERS [6] . However the presence of localized "hot spots" with enhancements in excess of 10 10 has been reported for SERS [7] . There is a lack of complete control over the size and shape of metallic particles/features formed, leading to irreproducibility of SEL or SERS signal enhancement. Methods using lithography such as electron beam based approaches have been used to create reproducible plasmon active surface features [8] . However, the high costs associated with this approach have prevented wide scale use.
Reproducible plasmon active substrates based on nanosphere lithographic fabrication methods have been quite widely reported. The resulting structures have nanovoid architecture such as those reported here. The nanostructured surfaces studied here have spherical cap architectures and are arranged uniformly in a hexagonally close-packed Au array. Au is commonly used for plasmonic platforms as it produces chemically and structurally stable high quality arrays with visible and NIR plasmonic absorbance. Furthermore, Au nanocavity arrays tend to be more reproducible and homogeneous than arrays made from other materials e.g. Ag [9] . These structures support both localised and delocalised plasmons. Localised surface plasmon polaritons (LSPPs) exist inside the nanocavities (Mie plasmons) and localised and delocalised or propagating surface plasmon polaritons (PSPPs) exist on the flat surface of the sample (Bragg plasmons) [10] . Studies on localised and delocalised plasmons have been carried out by Kelf et al. in which the separate contributions of the different plasmon types were investigated by varying the normalised sample film thickness. Other interesting studies on nanocavity arrays have been carried out by Chan et al in which the effect of cavity diameter on the SERS intensity from a Ag array was investigated [11] . Another application of these substrates is as platforms for SEL [12, 13] . This area has been less widely studied than SERS, particularly on these types of ordered architecture. However, a few studies have been carried out on both the angle dependence of SERS [14] and SEL [13] . from plasmon active nanocavity arrays. These studies show that both SERS and SEL are dependent on the angle of laser incidence and/or detection angle, a consequence of the coupling of the excitation line to different plasmon modes with angle. This angle dependence is used in this work to enable comparison between SEL and surface enhanced resonance Raman scattering (SERRS) of [Ru(bpy) 2 (Qbpy)] 2+ caused by localised plasmons in the voids and SEL and SERRS caused by plasmons located on the substrate surface.
Several studies have been reported demonstrating SERS using nanovoid cavity substrates [14] [15] [16] [17] [18] . Baumberg et al [14] showed strong correlations between plasmon resonances and Raman enhancements by studying different cavity dimensions as a function of incident angle. Sugawara et al [12] studied nanovoid samples coated with organic semiconducting molecular J-aggregate films. This study showed room temperature excitonic luminescence is enhanced by plasmonic coupling using nanovoid substrates. Studies of the emission of dye absorbed to the surface of nanovoids have been carried out [2] . Nanovoid substrates were reported to support Mie or Bragg plasmons depending on the dimensions of the nanovoids themselves [19] . Bragg plasmons were shown to be present for thin films while localised Mie plasmons are seen at larger thicknesses. The presence of such modes has been observed in the near-field using scanning tunneling microscopy (STM) [20] .
In this present study the arrays were selectively modified by adsorbing a luminescent monolayer on different regions of the sample according to a nanosphere masking method reported recently [21] . In the externally modified array the probe is selectively assembled at the flat top surface of the array, whereas the internally modified array had dye placed only on the internal walls of the cavities. A blocking, non-luminescent alkane thiol is assembled at the top surface of this array. This enabled comparison of the luminescence spectra of the dye localised in the cavity and dye localised on the top surface of the array and comparison of the angle dependence of both spectra. Such a study has the potential to enable clearer understanding of the role that the void and the surface bound plasmon modes have on SEL.
Here studies of SEL and SERRS have been performed for molecule located on both the surface or in cavities of two different designs. One cavity having dimensions t = 0.95 which is expected to result in the formation of LSPP modes localised both in the cavity (Mie plasmons) and also at the rim of the cavity at the surface (rim plasmon modes) and PSPPs modes on the surface of the nanocavity array [10] . A second cavity is studied with dimensions t = 0.12 which is expected to result in the formation of PSPP modes both in the cavity (Bragg plasmons) and on the surface of the nanocavity array [10] . The probe molecules are only present on the internal cavity walls or on the surface of the array.
Experimental
Gold nanocavity arrays on silicon wafer were prepared using a nanosphere lithographic technique based on electrodeposition through the voids of self-assembled 430 nm or 820nm diameter polystyrene spheres on 50 nm thick gold films on silicon as described. Selective modification of the external edges and interior walls of the cavity arrays with [Ru(bpy) 2 (Qbpy)] 2+ was achieved through a two-step adsorption process [21] . As outlined by Jose et al in instances where [Ru(bpy) 2 (Qbpy)] 2+ is adsorbed selectively at the inner cavity walls, the top surface was first blocked with 1-nonanethiol before removal of the template [21] . These samples were then probed with Raman and luminescence spectroscopy to probe their site elective deposition [21] . The samples were first studied using scanning electron microscopy (SEM) and atomic force microscopy (AFM). The sample was mounted onto a customized goniometer at a tilted (azimuth) angle of 13.5 degrees. The sample was excited at 532 nm with the laser focused using a 10 cm focal length lens. The Raman and luminescence signals were collected at a backscattered angle and directed onto an electron multiplying charge coupled device (EMCCD) via a monochromator. The pump angle was varied in steps of 1 o and a spectrum was taken at each step with the detection angle fixed. The lasers power was 20 mW over a post size of c.a. 1 micron. This was carried out for two cavity architectures. A 820nm diameter external modified and internal modified cavity array which possessed an aspect ratio (of depth of coverage to diameter) of t =0.12 [2, 13] . A cavity formed from the 430nm diameter spheres possessed an aspect ratio (of depth of coverage to diameter) of t =0.95 [2, 13] . Fig 1a) . Line 1 shows the path taken by a localised SP; it is confined to the distance between the cavities. Live et al reported that PSPP may be confined in space by the boundaries in nanocavity arrays [22] . Alternatively localized surface plasmon modes may arise from hybrid rim-surface plasmon mode [23] . This localisation of the SP enables its contribution to the SERS spectrum. Line 2 shows a possible path taken by a PSPP. This line traverses flat gold and avoids the edges of the nanocavities, thereby avoiding confinement [22] . These delocalised SPs are expected to contribute little to SERRS as they cannot be excited at an air metal interface by incident light [16] . [2] . In addition the emission from [Ru(bpy) 2 (Qbpy)] 2+ (shown in Fig 1c) was recorded simultaneously with the SERRS spectra. This emission is assigned to SEL i.e. plasmon assisted emission [2] . The intensities of the plasmons vary as a function of both θ and the frequency of incident EM radiation. 10 Both experimental and theoretical studies have indicated that the absorption energy of such cavity related plasmons change as a function of θ for angle of incidence [10, 14, 23] . The array has cavities with dimensions = 0.12 that are expected to result in the formation of cavity localised plasmons with localised standing wave of propagating SPPs or Mie-rim based hybrid dipole modes as well as SPP modes on the surface of the nanocavity array [10] . For the internally modified array the Raman active dye is only present on the internal cavity walls. This enables the study of the angle dependence of the SERRS spectrum where the enhancement is due to cavity localised plasmons and rim based hybrid localized plasmons. Different angle dependence is observed when the probe dye is placed on the top surface. This angle dependence arises from PSPP modes on the surface interacting with the dye or from rim based plasmon modes which may also be active on the surface. It is noted from inspection of Fig 1, the AFM topography image suggests that the surface of the substrate may be rough leading to LSPP on the surface which can couple with the probe dye leading to SERRS. Comparing SEL intensity from [Ru(bpy) 2 (Qbpy)] 2+ prepared in the voids of the 430 nm nanocavity array only to those prepared on the surface of the substrate shows a very similar changes in intensity as a function of angle. Studies of periodic cavity arrays proposed that there are different possible directions of PSPPs, whereby the propagation can be in one case confined between two neighbouring nanocavities, while in another case the surface plasmon is free to propagate in one direction for lengths potential larger than tens of microns, similar to propagating surface plasmon resonance on a continuous metallic film [22] . The presence of surface plasmons occurring in the short distance between adjacent nanocavities (annulus to localized surface plasmons) and a long axis between rows of nanocavities (comparable to propagating surface plasmons) was investigated using total internal reflection (TIF) measurements [22] . TIF produced evidence for the presence of both a short-range surface plasmon resonance and propagating surface plasmon resonances. As the size of the nanocavity is reduced the packing density of the spheres increases. This leads to the creation of reduced potential for free propagation distances on the surface of the substrate and an increase of confined areas or 'islands' between two neighbouring nanocavities. As the cavity sized is reduced the size of these islands decreases leading to increased localisation of surface located plasmons. The possibility that confinement of PSPPs by the presence of many small cavities on the surface resulting in LSPPs may occur with the 430 nm nanocavity sample may be present.
Results and discussion
Comparing SEL intensity from [Ru(bpy) 2 (Qbpy)] 2+ prepared only in the voids (Fig 4a,b) of the nanocavity array to those prepared only on the surface (Fig 4c,d) (Fig 1d) shows that the surface of the nanocavity is not smooth. The nanovoid has been nearly filled in resulting in regions between the nanovoids which are sloped. Inspection of the AFM image shows that there are regular line patterns (marked 1) running between the nanovoids (marked 2). These create triangular shaped regions of c.a. 400 nm in length. This potentially aids in the creation of LSPPs on the surface. Studies of [Ru(bpy) 2 (Qbpy)] 2+ prepared in 820 nm (larger and shallower) Bragg active cavities differences are seen when the molecule was prepared in the cavity or on the surface with respect to SEL and SERRS signal intensity as a function of angle [13, 19] . This can be interpreted to arise from the presence of PSPPs that were freely propagating and not localised on a surface were the nanocavities were large enabling a long axis between rows of nanocavities.
Concluding remarks
Presented here are studies of angle dependent SERRS and SEL from a dye that is located site selectively on a plasmon active nanocavity array support. Results show that angle dependence of the emission intensities depend on where the dye is located with respect to the void or surface of the nanocavity array. In addition the architecture of the nanocavity array is shown to be important. Studies of different cavity dimensions showed indicated that the PSPP can be confined in certain cavity architectures creating LSPP modes.
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